third step at 70°C for 40 sec. PCR ended with 8 min at 70°C.
Hybridization was performed using the TwinCubator at a
temperature of 45°C. The denaturation solution was mixed with
20 ul of the amplified sample and submitted to the usual protocol
for hybridization.

In order to assess positive and negative bands, each DNA strip
was stuck on an evaluation sheet after the hybridization, and a
template was aligned side by side of the respective strip, with at the
top the conjugate control band and at the bottom the coloured M
marker band. Positive control bands, i.e. that should appear
positive to make the test valid, were the conjugate control, the
amplification control, the identification control for the M. leprae
species and amplification controls of the 7poB, folPI and gyrA genes.

Interpretation was as follows for each gene/antibiotic: the strain
was predicted to be susceptible when all WT bands were positive
and all MUT bands were negative; the strain was predicted to be
resistant when at least one MUT band was positive or at least one
WT band was negative.

DNA extraction and reference PCR-sequencing

PCR sequencing was performed routinely and prospectively in
the frame of NRC-Myc activities, as individual susceptibility to
rifampin (7poB) and dapsone (fo/P1} for all the 112 biopsies whereas
ofloxacin susceptibility was tested for 52 biopsies. PCR sequencing
was performed specifically in the frame of the present study for the
8 reference strains.

Total DNA was extracted from biopsies containing M. leprae
following the heat-shock procedure [24]. DNA was subjected to
three PCRs, one amplifying the RRDR in 7p0B gene, one the
DRDR in folP! and one the QRDR in grd, as previously
described [10,25]. Typical reaction mixtures (50 pl) contained 1 x
reaction buffer, 1.5 mM of MgCl,, 200 uM of dNTPs, | uM of
cach primer (Proligo France SAS), 1.25 U of Tag polymerase (Q-
Biogene, Illkirch, France) and 5 pl of DNA extract. PCR-amplified
fragments were purified by using Montage'™ PCR Centrifugal
Filter Devices (Millipore, Molsheim, France) and sequenced by the
dideoxy-chain termination method with the ABI PRISM BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Courtaboeuf, France). The oligonucleotide primers used for DNA
sequencing were those used for PCR. The nucleotide and deduced
amino acid sequences were analyzed with the Seqscape v2.0
software (Applied Biosystems).

Antibiotic susceptibility testing in the mouse

Animal experiments were performed in accordance with
prevailing regulations regarding the care and use of laboratory
animals by the European Commission. The experimental protocol
was approved by the Departmental Direction of Veterinary
Services in Paris, France.

The M. lgprae strains were subjected to the mouse footpad
susceptibility testing that included 10 untreated Swiss mice as a
control group, a rifampin-treated group of 8 mice and a dapsone-
treated group of 30 mice as described previously [17],[20].
Dapsone susceptibility testing was stopped in 2001 because of new
governmental regulation for antibiotic-free animal feeding. An
additional group of 8 ofloxacin-treated mice was inoculated, as
described in [7], for the biopsies sampled in patients who have
been treated by fluoroquinolones.

Evaluation of the diagnosis performances

The results of the GenoType LepraeDR test were compared to
those of the PCR sequencing method for all the 120 M. leprae
strains (60 in the case of ofloxacin and gyrd).
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The results of the GenoType LepraeDR test were also
compared to the results of the mouse footpad model for M. leprae
strains that yielded interpretable susceptibility results, ie. 84
strains tested in vivo for rifampin susceptiblity, and among them
56 for dapsone susceptibility and 5 for ofloxacin susceptibility.

Results

Performances of GenoType LepraeDR for detection of M.
leprae

The DNA strip tests were validated with regard to the AM. leprae
identification band, which was positive with an intensity equal or
higher than that obtained with the universal positive control,
demonstrating the presence of AL lgprae DNA. Thus, the overall
sensitivity of GenoType LepraeDR for detecting M. leprae was
100%.

Analytical specificity tested with either DNA from another
mycobacterial species (n=19) or negative skin biopsies (n=10)
was 100% since no positive signal was obtained for the M. leprae
identification band. However, hybridization was observed for
DNA from M. intermedium and M. malmoense with two of the wild
type 7poB bands, due to a high identity between the rpoB genes of
these mycobacterial species.

Performances of GenoType LepraeDR for detecting
mutations in the genes involved in antileprosy drug
resistance

The mutations found in the M. leprae strains by PCR-sequencing
are listed in the Table 2. Representative results of the DNA strip
tests are shown in Figure 1 for resistant strains and in the Figure 2
for susceptible strains.

The results of the DNA strip test were concordant with those of
PCR sequencing for all the 16 7p0B mutations conferring rifampin
resistance (Table 3). We observed a positive signal at probes
rpoBMUT? for the 10 strains harboring the mutation S456L and
at rpoBMUT]1, for the strain harboring the H451Y mutation,
since these mutations are present onto the strip as a mutated
probe. As expected for these strains, no signals were observed for
the wild type probes rpoBWT4 and rpoBWT3, respectively. For
the others mutations, the test detected the 7poB mutation through
the lack of hybridization with the wild type probes that include the
mutated codon (Table 1), e.g. with rpoBWT4 for the two strains
harboring the mutation S456M or S456F, with rpoBWT?2 for the
strain with the mutation Q438V, rpoBWT1 and rpoBWTS3 for the
strain harboring the two mutations G432S + H451D and

| Table 2. List of mutations present in the M. Jeprae resistant
strains.

Mutations in the r
(N strains)

determining resistance in the following genes

2

S456L. (10) P55L (8) A1V (4)

Q438v (1)

doi:10.1371/journal pntd.0001739.t002
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1 2 3 45 6 78 9 10 11

Figure 1. Mutations conferring resistance in Mycobacterium leprae are detected by the GenoType LepraeDR DNA strip test. Lane 1isa
negative control (only the CC band). Lanes 2 to 11 showed various profiles for resistant strains: lane 2, rpoB mutation S456L with wild type gyrA and
folP1 alleles; lane 3, wild type rpoB and gyrA alleles with a folP7 mutation to be defined; lane 4, rpoB mutation 54561 with a wild type gyrA allele but a
mutation in folP7; lane 5, rpoB mutation (Q438V) with wild type gyrA and folP1 alleles; lane 6, wild type rpoB and gyrA alleles with a P55L mutation in
folP1; lane 7, rpoB mutation S456L with a A91V gyrA mutation and a P55L mutation in folP; lane 8 and lane 9, wild type rpoB and gyrA alleles with a
P55L mutation in folP1 ; lane 10 and lane 11, rpoB mutation S456L with wild type gyrA and folP1 alleles. The numbering system used is that of the
Mycobacterium leprae genome strain NT (n°NC 002677).

doi:10.1371/journal.pntd.0001739.g001

Figure 2. Mycobacterium leprae susceptible strains showed a wild type profile in the GenoType LepraeDR test. Lane 1 to 16 (except lane
8) showed wild type profiles for susceptible M. leprae strains. Lane 8 showed a multiresistant profile with mutations in rpoB, gyrA and folP1 genes.
Lanes 17 and 18 showed result of negative controls.

doi:10.1371/journal.pntd.0001739.g002
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Table 3. Concordance of results for the DNA strip test (GenoType LepraeDR) and the susceptibility phenotypic and genotypic
pattern of antibiotic resistance for the M. leprae strains studled

M. leprae strains N diagnosis tests with interpretable results

Total tested for at least 84 120
one antibiotic

Rifampin susceptible 71 104

susceptible

Ofloxacin susceptible 4 56

Concordance GenoType LepraeDR N strains (%)

120 84 (100%) 120 (98%)

104 71 (100%) 102%* (97%)

48 (100%) 98

(100%)

56 4 56 (100%)

doi:10.1371/journal.pntd.0001739.t003.

rpoBWT1 and rpoBWT2 for the strain harboring the two
mutations T4331 + D441Y. For two strains carrying a mutation
at the codon 447, they were not detected by the DNA strip test
since no probe spanning this codon is included in the strip because
this mutation was not known to confer resistance. The first of these
strains showed a silent mutation and the second showed a
mutation leading to the substitution $447C. Although the latter
strain appeared susceptible to rifampin in the routine mouse
footpad testing, we repeated this test using decreasing dosages of
rifampin in order to be sure that the S447C mutation does not
confer resistance in M. leprae as a similar mutation does in M.
tuberculosis [26], even at a low level. For this purpose, three groups
of mice (10 mice per group) were treated by 10 mg/kg (normal
dosage), 5 mg/kg or 2.5 mg/kg rifampin. Growth was not
observed in any of these groups but occurred in the control
untreated group, demonstrating that the strain was really
susceptible to rifampin and that the S447C mutation was not
conferring resistance. Moreover, the patient, who was an
immigrant from Senegal, was cured after being treated by the
standard MDT, i.e. the combination of rifampin, dapsone and
clofazimine. For the other 102 other strains, no mutations were
detected by the RRDR sequencing in 7poB and the DNA strip test.

Concordance was observed between the DRDR sequence in
JolPI and the DNA strip test: 22 strains with a fo/P/ mutation
involved in dapsone resistance and 98 strains with a wild-type folP!
sequence (Table 3). Hybridization was observed with the jfolPl
MUT probe for the 8 strains with the f6/P/ P55L mutation. For the
14 strains harboring other mutations at codon 55 (P55R) or at
codon 53 (T531, T53A, T53V), there was no signal with the wild
type probe, showing that there was a mutation.

Finally, we observed a concordance between the QRDR
sequence in gyrd and the DNA strip test results: 56 strains with a
wild type sequence showed a gyzd WT band and the four strains
with the mutation A91V showed the gyzd MUT band (Table 3).

Concordance between susceptibility phenotype and
genotype determined by the DNA strip test

Concordance was observed between the phenotypic suscepti-
bility results assessed by the mouse footpad model and the
genotype detected by the GenoType LepraeDR test. Results are
detailed in Table 3 with regard to the antibiotic tested.

@ www.plosntds.org

*For strains growing in vivo and yielding interpretable susceptibility results. Tests were S‘topped for dapsone due to new regulation for an‘ubumc animal feeding. Tests
for ofloxacin were restricted to patient with previous treatment by fluoroquinolones.
**including two strains with a mutation at codon 447: Ser447Cys for one strain and a silent mutation for the second strain (see text for details).

Concordance between rifampin phenotypic susceptibility in vivo
and the results of GenoType LepraeDR was obtained for all the 84
strains tested. Thirteen rifampin-resistant strains showed either the
rpoBMUT1 band (S456L} for 9 strains, or the absence of at least
one rpoB WT band for the remaining 4 strains, which indicated a
mutation in the RRDR. The exact nature of the 7poB mutation
was further identified by PCR-sequencing. All the 71 susceptible
strains were founded susceptible by the DNA strip test since all the
rpoB WT bands were positive and all of the MUT bands were
negative.

Concordance between dapsone phenotypic susceptibility and
detection of fo/PI mutation by the DNA strip test was obtained for
the 48 susceptible and the 8 resistant strains. For all the resistant
strains, the folP WT band was negative, indicating a mutation in
the DRDR. The folP MUT band was positive for two of these
strains, indicating a mutation P55L. In the 6 remaining strains, the
exact nature of the fo/P mutation was identified by PCR-
sequencing. For the 48 dapsone-susceptible strains, the folPl
WT band was positive and the MUT band was negative

Finally, results of ofloxacin phenotypic susceptibility were
concordant with the results of gid obtained by the DNA strip
test for the five strains tested in the mouse footpad: one was
resistant and showed a positive gyrA MUT band (mutation A91V)
with a negative WT band, and the four susceptible strains showed
a positive gyrA WT band and a negative MUT band.

Discussion

Leprosy, after centuries of endemicity when the disease lasted
the whole patient life due to a lack of efficient treatment, became a
curable disease by combining rifampin and dapsone into a
multidrug therapy regimen [2]. Consequentdy, a dramatic
decrease in the prevalent active cases occurred during the two
last decades. However, the incidence rate did not decrease
showing that leprosy is still an actively transmitted disease [1].
Acquired resistance has been observed for each of the antileprosy
drugs following their successive introduction as antileprosy agent
[27,28]. Multidrug resistant strains resulting from the accumula-
tion of distinct resistant traits have been described in several
endemic regions [7,22]. Proportions up to 80% of secondary
resistance (patients previously treated) and 40% of primary
resistance (patients never treated) to dapsone and up to 40%
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secondary resistance to rifampin, have been reported through local
and limited studies [28,29,30]. Since M. leprae is not growing in
vitro, it is not possible to measure resistance rates at large scale in
endemic countries. Even in highly specialized leprosy centers
where the animal model has been set up, it is nowadays very
difficult to sustain animal facilities because of ethic rules and safety
measures. Molecular detection of resistance to antileprosy drugs
has been inwoduced since genetic bases of resistance were
deciphered by expert scientific labs in France, US and Japan
Cambau 1997 [10,11,12,31]. We previously showed that muta-
tons in the target genes in clinical M. lgprae strains were associated
with acquired resistance demonstrated by in vive drug suscepti-
bility testing: in 7poB for rifampin resistance, in fo/PI for high and
medium level dapsone resistance, and in gyd for ofloxacin
resistance [7,17,20]. These studies demonstrated concordance
between genotypic and in vivo phenotypic results. Therefore, in-
house molecular detection is being used for individual diagnosis of
leprosy cases in countries where PCR sequencing is affordable
[15,31,32,33,34,35,36].

Following years of using various in house molecular methods to
rapidly detect for drug resistance in M. tuberculosss, particularly to
detect for multi-drug resistant cases, i.e. cases resistant to isoniazid
and rifampin that cannot be cured by the standard regimen,
standardized and commercially available kits, such as the line
probe assays, InnoLiPA Rif.”Tb and GenoType MTBDR, and
more recently GeneXpert RifTB, have been introduced and are
recommended in low-income but highly epidemic countries (www.
who.int/tb/strategy/en/).

WHO launched in 2008 a programme of surveillance of drug
resistance in leprosy using molecular methods relying on a handful
of national and supranational reference laboratories. First results
obtained for cases reported in 2008, 2009 and 2010, showed that
rifampin, dapsone and fluoroquinolone resistance were described
but the resistance rates varied from 0 to 10% {37]. This needs
confirmation at a larger scale and for an extended time. However
this showed that the rates of resistance to antileprosy drugs can be
measured by using molecular methods.

The DNA strip technology has been developed as GenoType
kits and applied to the molecular detection of antibiotic resistance
in various infections such as tuberculosis and Helicobacter pylor
diseases [19,38]. This approach has been shown to be easy to use,
requiring only a classic thermocycler and a hybridization chamber
at a constant temperature of 45°C. This is the reason we choose to
develop a standardized test based on the DNA strip technology
able to detect for molecular detection of resistance in leprosy.

The new test, GenoType LepraeDR, was evaluated by
systematically testing 120 M. leprae strains studied for genotypic
and phenotypic characters of resistance [17,20,22]. The results
yielded by the test were shown to be 100% concordant with those
of the in vivo susceptibility testing whereas the results of PCR
sequencing was 98.3% for rifampin, 100% for dapsone, and 100%
for fluoroquinolones. Moreover, the two 7poB mutations not
detected by the test, located at the codon 447, a codon not
included in the test, were in fact not conferring rifampin resistance.

We focused deliberately the present evaluation on AFB-positive
specimen from multbacillary leprosy cases for two reasons: (i) first
the AFB positivity represents a major clue in leprosy diagnosis that
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allows concentrating subsequent tests on mot probable cases, an
important point in low income countries and (i) second, the risk of
developing acquired resistance by selection of resistant mutants are
highest in multibacillary cases, We did not evaluate the performances
of the test on either AFB-negative specimen nor on specimen other
than skin biopsies (e.g. nasal wabs). The specificity of the test with
regard to other mycobacterial species involved in skin infections was
assessed for Buruli ulcer and infections due to M. marinum, M. chelonae,
M. abscessus, M. fortuitum, M. terrae and other less common
mycobacteria. Because of the high identity of the 7p0B gene between
some mycobacterial species, the results of resistance mutation in
rhoB3, gyd and folP genes by the test can be interpreted only when the
test identifies the species as M. leprae (positive ML band).

Various other methods have been described to detect mutations
in 7poB, gyrd and folP such as PCR sequencing, heteroduplexes,
and DNA array [13,14,15,16,18]. There were mostly used in large
laboratories affiliated to Universities of high income countries and
collecting strains from endemic countries [34,39]. Since the
reverse hybridization technology is already used in several
countries endemic for tuberculosis, the same technology could
be also used for the diagnosis of resistance in leprosy in countries
where leprosy is still a preoccupying disease, with two objectives: (i)
diagnosing resistance at the individual level and (ii) assessing rates
of secondary and primary resistance in collaboration with health
authorities [1,37]. Although leprosy is now diagnosed in the field
using clinical findings only and no laboratory support is available,
such a test can be used complementary to the clinical diagnosis of
multibacillary leprosy for (i) relapse cases, especially those who
have not been treated by MDT, i.e. before 1982, and (ii) survey of
resistance in new cases in defined areas or periods for epidemi-
ological surveillance on the behalf of leprosy public health
programmes. Therefore the specimen can be send to a regional
lab, especially one used to similar molecular test detecting
resistance in tuberculosis. In addition, clinical microbiology
laboratories in high income countries, which have usually
moderate expertise in leprosy diagnosis and resistance detection,
would appreciate the robustness of the test, and such a test can
help in diagnosing cases from immigrants or national intertropical
territories [40,41]. Using this technology routinely at the French
National Reference Center for mycobacteria during the last two
years, we diagnosed 35 cases of leprosy in patients living in France
and detected 4 cases with dapsone resistant strains (fo/P/ mutations
as P55L in 3 strains and T53A in one strain) and 1 case with an
ofloxacin resistant strain (gyrd A91V mutation) (data not shown).
These results, obtained independently of the present evaluation,
support the practical interest of this technology.
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The polymorphism of TTC repeats in Mycobacterium leprae was examined using bacilli from slit skin

samples of leprosy patients attending at Central Special Skin Clinic, Yangon General Hospital and nasal

swabs of their contacts to elucidate the possible mode of leprosy transmission. It was found that bacilli

with different TTC genotypes were distributed among same household contacts and also harbored bacilli

in patients were different TTC genotype from that harbored on the nasal mucus of the healthy contacts.

Genotypes of TTC repeats were found to differ between husband under treatment and his wife and also

mother under treatment and her sons living in same house. This study revealed that TTC genotype of bacilli

harbored by household contacts was different with the TTC genotype by index cases. These results indicate

that the family members get transmission from outside the dwellings rather than from commonly supposed

their MB index cases. There might have been some infectious sources to which the populace had been

commonly exposed outside the dwellings.

Introduction

Leprosy is a chronic infectious disease caused by

Mycobacterium leprae infection. It has long being

*Corresponding author :

Leprosy Research Center, National Institute of Infectious
Diseases

4-2-1, Aoba-Cho, Higashimurayama, Tokyo, 189-0002, Japan
TEL : +81-423-91-8211 FAX : +81-423-94-9092

E-mail : matsuoka@nih.go.jp

believed that the source of infection is untreated
multibacillary leprosy patients. It has also been pre-
dicted that multidrug therapy (MDT) with strong
bactericidal antibiotics (such as rifampicin) would
reduce the source of infection and consequently
interrupt further transmission to others. However,
the number of new cases has shown no substantial
decline especially other than India. It is reported
that about 200,000 to 30,000 new cases are con-
tinuously found in the world every year (1), which
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suggests that the transmission of leprosy bacilli still
occurs, especially in countries of endemicity. Elu-
cidation of the mode of transmission would be es-
sential to reduce newly transmitted cases. The dif-
ferentiation of strains of leprosy bacilli by genomic
polymorphism might be of great value in efforts to
understand the mode of transmission of the disease.
The range of molecular techniques for epidemio-
logical analysis has expanded in recent years, and
there are now many genotypic methods that allow
a high level of discrimination between bacterial
strains (references 2, 3, 4). Shin e a/. discovered a
genomic divergence of M. /eprae by the variation
of TTC repeats (5) and subdivided 34 isolates into
15 subtypes. Genotyping according to the TTC
repeats for fragments amplified by PCR seemed to
be feasible for molecular epidemiological analysis
of leprosy transmission. A previous study by Saeki
et al. revealed that M. Jeprac existed on the surface
of nasal cavities of residents in areas with high
prevalence (6). Here, we report the distribution of
different TTC genotypes of M. /eprae among fam-
ily members of each household and inconsistent
genotypes obtained from patients and their family
members in the same dwelling. The results strongly
supported the previously proposed hypotheses (7)
on the existence of an infectious source(s) other

than that of patients living with family members.

Materials and Methods

Samples from patients

To clarify whether the TTC genotype in one pa-
tient varies or not, genotypes of the bacilli obtained
from various lesions of one patient were compared.
Slit-skin smear samples (SSS) from 45 lesions of
22 patients, two SSS from 21 patients and 3 SSS
from one patient, were obtained at Central Special
Skin Clinic (CSSC), Yangon General Hospital.

Samples were collected in the same manner as is
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used for routine slit-skin smear testing for bacterial
index examination. The sample on the disposable
surgical blade was soaked in 70% ethanol and kept

at room temperature until test.

Samples from patients and their contacts (who
develop new caseylater) in the same dwelling
TTC genotypes of the bacilli from the lesion
of four multi-family cases, multiple leprosy case
among family member or living in the same dwell-
ings, were compared. Skin slit samples were col-
lected from at least two lesions of each patient.

The genotype of each isolate was examined as

described below.

Case 1; A MB case supposed to be a index case and
his son developed the disease later.

Case 2: The same as Case | in another house.

Case 3: Supposed index MB case and after 10
months of MDT, his daughter developed
the disease.

Case 4: MB case and after 9 months of MDT, his

brother developed the disease

Samples from household contacts

TTC genotypes of the bacilli from nasal swab
specimen of 92 household contacts (HC) in 18
dwellings with 22 patients diagnosed at CSSC were
examined. HC were defined as persons sleeping
during the night under the same roof. Nasal swabs
were taken by introducing cotton tip swabs (steril-
ized JCB MENTIP, Japan) 2-3cm into each nostril
successively, and rubbing gently on the lateral and
median sides of each cavity. Swabs were immedi-
ately chilled (kept in ice box) and transported to
the Immunology Research Division, DMR (Lower

Myanmar) and analyzed.

Preparation of template DNA and sequencing
analysis

The sample obtained from slit skin was removed
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from the blade and collected as a pellet by centrifu-
gation at 10,000 rpm for 20 min in 70% ethanol
and then washed with phosphate-buffered saline.
The template was prepared by treatment with ly-
sis buffer according to the method described by
Klatser et a/, (8), and then the TTC genotype was
examined.

Templates from nasal swab materials and slit-
skin samples were prepared by treatment with lysis
buffer at 60°C overnight as described elsewhere
(8), TTC repeats regions were amplified by PCR
with the primers indicated by Shin et a/. (5). Copy
numbers of TTC repeats were examined by the
direct sequencing of the PCR products. Briefly, the
regions flanking TTC repeats were amplified us-
ing a G mixture and a FailSafe PCR system (EPI-
CENTRE, Madison, Wis. USA). DNA samples for
sequencing were recovered with a MinElute gel
extraction kit (QIAGEN GmbH, Hilden, Germany)
after 1.2% Seakem agarosegel electrophoresis of
PCR products. Samples were sequenced with a
BigDye terminator cycle sequencing FS Ready
Reaction kit Ver. 1.1 (Perkin-Elmer Applied Bio-
systems, Norwalk, Conn.) and an ABI Prism 310
genetic analyzer (Perkin-Elmer). The nucleotide
sequences obtained were analyzed using DNASIS
software (Hitachi Software Engineering, Yoko-

hama, Japan).

Ethical approval

The study was approved by the Institutional Ethi-
cal Review Committee of Department of Medical
Research (Lower Myanmar). Informed consent
was obtained from all subjects. Bacillary samples
of nasal swabs and slit-skin smears were collected

after informed consent was obtained.

Results

Genotype of the bacilli from the nasal swab

JpnJ Lepr 81, 191-198(2012)

samples

Of 92 HC in 18 dwellings, there were 30 (33%)
HC individuals carried the bacilli on the surface
of their nasal cavities. TTC genotype of the bacilli
from nasal mucus of HC in 14 dwellings out of 18
dwellings was identical. Genotype of the bacilli ob-
tained in 4 multi-family cases different among fam-
ily members (Table 1). Residents in these houses
harbored different TTC genotypes from each other;
their TTC genotypes were 9, 11, 12, 13, 14, 15, 16,
17, 21, and 22 repeats. The TTC repeats of the ba-
cilli from the skin lesion of new MB case consisted
of 11 copies and the TTC repeats of the bacilli
from his nasal cavities was 15, on the other hand
the bacilli from his family contacts, wife and son,
showed 14 and 17 copies respectively. The TTC
repeats genotype of the bacilli from PB patient
showed 21 copies but bacilli from his household
contact (HC) nasal mucus showed 15 copies. The
TTC repeats of the bacilli from another new MB
case consisted of 13 copies, but the bacilli from his
family contacts, two daughters and a son, showed
13, 16 and 9 copies (Table.1). The frequency of
each TTC genotype of the bacilli obtained from 45
skin lesion and 52 nasal samples from 22 patients
and HC were shown in Table 2. The most pre-
dominant genotype was 16 copies of TTC repeats
and the 2™ dominate type was 14 copies of TTC

repeats.

Genotype of the bacilli in the lesions

From all 22 patients, 45 samples of different
lesions showed identical genotypes. The most
dominant genotype has 16 copies of TTC repeats
in these patients. The other genotypes (number 9,
11, 12, 13, 14, 15, 16, 17, 21 and 22 copies of TTC
repeats) were detected. The frequency of each TTC
genotype observed in samples from lesions of the
patients and the nasal cavities of the residents is

shown in Table 2.
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Comparison of TTC genotypes among pa-
tients in a dwelling

The TTC genotypes of M. /eprae of supposed in-
dex and secondary cases were compared. The gen-
otypes of index case patients in two multi-family
cases harbored the bacilli with 13 and 22, and their
son (secondary case) showed 9 and 17copies of
TTC repeats respectively. In case 3 who was MB
case harbored bacilli with 11 copies of TTC re-
peats, after 10 months of MDT his daughter devel-
oped as secondary case and harbored bacilli with
14 TTC repeats. Another case 4 of household cases
of two brothers showed different TTC genotypes
(15 and 16 TTC repeats) within the family (Table
3).

Discussion

Elucidation and understanding of the transmis-
sion mode, the source and the routes of transmis-
sion, of M. /eprae are essential in developing
drastic measures to prevent an infection. Previous
sero-epidemiological studies indicated widespread
M. Ieprae infections within a population (9, 10,
11, 12), and studies by PCR on the distribution of
the bacilli also found that many individuals in ar-
eas in which leprosy is endemic carried M. /eprae
on the surface of their nasal cavities (6, 12, 13).
These studies suggested the presence of an infec-
tious source other than that of a patient within the
same dwelling. The aim of this study was to clarify

Table 1. TTC genotypes of M. /leprae detected from the skin and surfaces of
nasal mucosa of patients and surfaces of nasal mucosa residents

living in the same house.

Multi- | Leprosy patient Contacts TTC genotype TTC genotype
family | (Type of patients) | (Relationship) (Slit skin) (Nasal swabs)
case
A MB* 11 15
Wife - 14
Son - 17
B PB** 21 18
Grand mother - 15
C MB* 16 15
Son - 16
Son - 15
’D MB* 13 16
Daughter - 13
Daughter - 16
Son - 9

* MB; Multibacilary
**PB; Paucibacillary

194

-263 -



microbiologically whether or not MB cases in the
same dwelling represent the main source of infec-
tion. Establishing a methodology to discriminate
the isolates of M. /eprae is fundamental for these
purposes. Although no useful genotyping methods
for epidemiological analysis have been available
until in 2000, two genomic divergence of M. Jeprae
successfully found based on variable number tan-
dem repeats (VNTRSs) (5, 14). One of the authors
(M. Matsuoka) discovered that M. /eprae isolates
could be divided into two subtypes on the basis of
the polymorphism in the 7po7 gene. The geograph-

Table 2. Frequency of each genotype observed in
patients and household contacts.

No. of Genotype frequency

repeats Patients lesion | Nasal mucus Total
9 2 1 3(3.1%)
11 2 1 3(3.1%)
12 6 4 10 (10.3%)
13 6 6 12 (12.3%)
14 4 9 13 (13.4%)
15 4 8 12 (12.3%)
16 11 12 23 (23.7%)
17 2 4 6 (6.2%)
21 2 3 5(5.2%)
22 6 4 10 (10.3%)

Total 45 52 97

Table 3. TTC genotypes of M. /eprae obtained from
multi-family cases.

Case TTC genotype of the TTC genotype of patient

bacilli from bacilli from patient

supposed index case secondary case

1 Father: 13 copies Son:9 copies

2 Father:22 copies Son:17copies

3 Mother: 11copies Daughter:14 copies

4 Older brother: 16copies Younger brother: 15copies
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ical distribution of each genotype in the world
was biased and seemed to be related to prehistoric
movement of the human race (14). Nevertheless,
the genomic diversity of the rpo7 cannot be used
for epidemiological tracing of the transmission of
leprosy bacilli. Genotyping by Single Nucleotide
Polymorphisms (SNPs) is applicable to analyze
movement of the human race but neither useful for
analyzing transmission. (15). Genotyping to com-
pare diversity of short-tandem-repeat loci on the
basis of PCR is feasible for community based mo-
lecular epidemiological analysis, since M. /eprae
is not cultivable and shows very low levels of di-
version in genomic DNA (16). Variety in the copy
numbers of TTC repeats can be used to classify M.
leprae into a considerable number of subtypes and
discriminate isolates for each leprosy case. It is rea-
sonable to assume that if the index case in the same
dwelling is the source of infection, the genotypes
detected in the house should be identical among the
household members. In this study, various types of
TTC genotypes were detected from nasal mucosa
of the healthy HC.

Results obtained clearly demonstrated that there
were families with different TTC genotypes of
M. [eprae on the surface of nasal cavities among
the residents in the same dwelling. Therefore,
the results of the investigation indicate that these
residents are contaminated by bacilli with differ-
ent genotypes. No variations in genotype among
the isolates obtained from various lesions in the
same patient were shown. This result consequently
enables comparisons of the genotypes of bacilli
obtained from different patients. We had identified
the existence of TTC genotypes of M. /eprae that
differed between the newly detected family con-
tacts and the supposed index case patient. These
results strongly suggest that the bacilli did not
originate from a single patient in the dwelling and

also indicate the exposure of the family members
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to infectious sources out of the dwelling. Previous
sero-epidemiological studies suggested that for the
majority of cases, the possible source of infection
might be in the environment rather than in direct
contact with leprosy patients (9, 14, 17). The find-
ings by PCR, which revealed the wide distribution
of the bacilli among the residents in endemic areas,
also indicated that the transmission of the bacilli
was not only from the leprosy patients (6, 12, 13,
17, 18). The present study strongly supports these
assumptions respecting the infectious source(s).
Although many epidemiological observations
indicated that the household contact was the risk
factor for the deveiopment of leprosy (18, 19), on
the other hand, many new cases occurred among
populate without any known contact with patients
(20). Therefore the source of the secondary case
is not only from his/her household. The tendency
seen of the accumulation of patients in some fami-
lies might be attributed to other conditions such as
susceptibility to leprosy infection, which is related
to genetic predisposition as well as to acquired
factors (21). Two groups of the household leprosy
cases showed apparently different TTC genotypes
between a father and his son, mother and daugh-
ter and among brothers. The inconsistency of the
genotypes between M. Jeprae isolates obtained
from household cases of patients living in the same
dwelling clearly indicates that these patients are not
always the source in infections of the other family
members.

Though the members of the other groups of
leprosy cases other than 4 cases shown in table 3
showed the same genotype, whether those people
were truly infected by the patient in the house was
unclear. The presence of the same genotype in
two cases doesn’t necessarily imply the infection
was occurred from a patient to family contacts,
for some TTC genotypes such as 16 copies were

widely distributed in the areas. Other polymor-
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phisms which can discriminate within a given TTC
genotype are needed to elucidate this problem.
Better epidemiological analysis could be done by
the combination of various genotyping techniques.
However, TTC genotyping enabled the subtyping
of M. Jeprae into more types than zpo7 or SNPs ge-
notyping. Other short polymorphic-tandem-repeat
loci exist in M. /eprae genome (2, 22) combination
with genotyping using other polymorphisms might
be a useful tool for precise epidemiological analy-
sis especially for the strains with same TTC copy
numbers. Other genotyping measures depending
on other short polymorphic tandem repeat loci are
proposed (3).

The frequency of 24 or 25 TTC repeats was the
highest in the previous study, which examined M.
leprae isolates obtained in Cebu, Philippines (5).
Bacilli with 10 copies of TTC repeats were most
frequently isolated in the present study, and the
bacilli with large numbers (such as 37) of TTC
repeats were not detected (Table 3). It is of inter-
est to compare the frequencies of each genotype in
different areas, since the results of a previous study
indicated that the spread of the bacilli with specific
genotypes was consistent with migration of some
human groups (14, 23). The evidence resulting
from the present molecular epidemiological study
indicated the existence of an infectious source
other than patients in the same dwelling. Wide dis-
tribution of the bacilli among residents (6, 8, 12)
and a high positive ratio of anti-PGL-1 antibody
among healthy residents (10, 11) suggested that the
bacilli existed in certain sources to which people
were commonly exposed. Genotyping study of the
bacilli obtained at the areas with high leprosy prev-
alence also suggested infection other than patients
(17, 18) Taking these results into consideration,
the environment seems to be the most likely infec-
tious source as suggested previously (24). How-

ever, it has not been elucidated so far.
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ABE T Az si<iGTHE S5 L7 —E R i HSP70-MMP-II
SR EEY aveF o BCG DR

WHIEE". mH M

[ L REAAEWTFCIT N 22 3t o 22— TR

Ut - dfRaE - 2012 4E5 )1 17 H)

F—J—F VeV, VarEd s BCC. T F ., MMPII HiE. T HillE

(FC&IC

11> /> <— (interferon gamma, IFN-y) B4
ZAT 1 CDARRMETHIRE X471 CD8 BT
MR L > THENTWS, TNH5D THIKLDTE
HEE. BVEH B VIS VR BB Z LD A
A TERHIRAIAE (dendritic cell, DC) & D H {EH
KXo TR E N 5, BHRHIRASRIIC T MR
ZIEMILT B eHicidE. 5 VEBRO EEHFED
WEMICHNE NS BERHEMN. DVEOEE
PURD—D & L THH 4L & major membrane protein
(MMP)-II (Gene name, bfr4 or ML2058) % [ & L
L T &7, MMP-II i3, toll like receptor (TLR2)
ICHEET BEENEA LU NF-k B 2G5 Y, %
Dz, MMP-II EAZ VA U Tz R iR
RERINCKRIBER T AEY — XA 7 CDA R3M: T M
Rk U CD8 [ T Mifa 2 iE LS 3 s & 5,
MMP-IL G A BRI N2 R RS TR T MR
Ko THHMEINELEATHS T LLHHAL T
% %, —7 T, WHO W\H#$Ed % MDT BT & -
TEBNV 2 VREBEERIIERE L 720, FiEN>
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T URBEBEER R DER L THEY, L
Mo T, N ARDOFIFEICEENCERT 27 5
FUEARRIRTH D, BHRMICIE, HIBIC K> T
& Mycobacterium bovis BCG (BCG) W7 7 F > & L
THOENRD D o Toh, FREREIC
26% TH B LRI NTVS Y, BCC WEIE
Ui KOBHIE, BCGICIEEEDOXR S, §
b BHUENRMAE (antigen presenting cell, APC)
WP %77 AV —=LEFKRL, 54V —L
CORAERMIEST S C EICBELTWS 9, —%,
BCG 13 5 WX & O EIEFIBR T I ol U TEE
THHBEEEL, 21471 CD4 G T ffaz 5
LT 28ENZHNENLEHELTNS T ENHS
NTtwns, Lizh->T. BCGItRHBH LIEHE
PICEATZT U F V2 FRIT 3 78I2iE. BCGIC
WEEMABON—AETHZLELZOND, &
FHEIZ. TNETICBCC DUBICH Tz DAL 1T5%
N7%tho TE iz, RENC, MMP-II ZHif AN T
§31) >+ BCG (BCG-SM) Z{ER U7,
BCG-SM [Z RBE&IED CD4 [G1E - CD8 fHfE T Miflaz
HHRREEEL, T ARPICERI LS50
BOWEMEE RER2Eh MG LY 5 Lizik
HiE, RERTHETEFEHRERZ M E 55K
FHURE AR T T Mz EMes 2 ETEY
THBTEERIAHALTVB EEZONS, TT T,
MMP-Il ZHIFAANTHMEE BICHID, v
1 V% R% 9 % heat shock protein (HSP)70 %
FIHT 5. 9B HSPTO-MMPII B & EH %5
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WwEEzckicLT, 20V arEF 2k BCG
(BCG-70M) Z{ERIL 7z 9, BCG-70M &, BCG-SM
L& e hREMECDA BIE T MR T
CD8 [tk T fifa 2 vEE(L U, IFN-y DOFEL ZFE
Liz'9, ¥l E3nYa>r s>k BCG (BCG-
A UT-11-3) 2B L7 % BCGUET LT —EEF
B E5LEORENS T VEZTEEEL, 77 d
V—LOpHZET7 VAVRICEIZ T, 77
IV —LOBEEIFIL, T4V —LEDHF
ExRMEIEELTHWS Y, ZT T, BCChHILT—
YA 2— K9 % UreC BIzTEHBZEL BCG-AUT-
11-3 Z{ERI LU, BCG-AUT-11-3 BRI AV
V—=LABITL, b FREECD4 [EME T #ifa%z i
CYEMELTIZ O, Lizhi> T 200 Lz Ak,
HSP70-MMP-1l & E HOMBEAN e 7 L7 —
PEMHORER, Lol THlEEEE(ET S ET
B CHoTre FTT, TOTDDHEREHE
b3, $hbbyL7—EXRBYIVEFVE
BCG IZ HSP7O-MMP-I @& BIn TR EA L THE 4
DY arE¥F >k BCG (BCG-DTOM) Z{ERIL I
(K 1), BCG-D70M O T HIRIIE (L AER T3 5
WCHizo .3 Fra—)VBCG & LT BCG-261H (N
77 Z—a> ha—)V BCG). BCG-70M K& U BCG-A
UT-11-3 Z Rz,

BCG-D70M DfEH

BCG-AUT-11-3 1%, BCG-Tokyo ¥k % #H #k & L
THWMER LUz, L7 —EIE, BCCT ./ LLED
ureABCFGD O 6 D BEFHHELbNS, FDH
T. RE&EEWVureC BIn¥ (1734bp) ZHIET %
BIETOENE L, iz, NRERT% BCCH
AANBEATZ L LT, FBEICERT 5
AIWATHZ 77—V DR TRERZIHEEKE
FIFRS 2z AV, Aikld, chETHOSN
TOWEFEL D IENICHECTEEALES
HETH B, NATa~<A Y VtEEET RS
XS 1C ureC BT O LRB LU THROBARY ) Z
TS XX RpYUB8SA NI O~V Liz, EHIC
HIEFE Fi#E B Msmegmatis % B\ ureC T &R
T 7=V DR RIT o, MBZ T 7 — V% BCG-
Tokyo ICBRPEE, N0~ A2 U2 ELTH
B E 30°C T ERIT o1z, F3EM%. B
ENTzan——z2BEL, VL7 —EHBEHE
HTHaT ERMR Uz, 7/ LITHAENIZN
a4 ViNtEEEFEYI 0L, BHEkLRH
CAFPAT Y A7 VEEZEOKA
UT-11-3 Z %R L 7z, BCG-D7TOM {&. A UT-11-3

BCG-D70M ) g

CEEELE

SEBEISRIK

{P6O70M >

—

,

B1:9L7—€Z23-F3%UreCEGFERIET S IVEF > b BCG (BCG-AUT-11-3) T,
HSP60 7O E— 42—l % & BCG (3K HSP70 EIGF & SV EHRE MMP-ILEGEFEEE Lt
BEBREFEEAL, FHRYIVEF T F BCGG (BCG-D70M) HE{EHILT,
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N Asp60 O 7 11E— Z— D Fiiic BCGAsp70
BIGF & B MMPILDBE T2 @G S8, ik
BENT TS AI RE L THEFT 5 pMV261 ICHl
FIAF, EHIWC, WANTOLE LDz
NA a4y UERIR TR D TS AI R
WA LUTE® U7z, BCG-D7TOM (&, BAR:#Eih
IZ Hsp70 & MMP-II Ofé L 72JE (HSP70-MMP-1I
AIEER) ZOWMT A EREYTAZY Ty b
B AV Uz,

BCG-D70M ¥k

BCG-D70M i3 A%+~ HSP70-MMP-11 2 7334 L .
a2 ha—)b BCG Ikt Uige b o < KHIRmHa = i
UTIL-12p70 ZEEFET S L L 81, IL-18 K
U TNF @ 2RI EERE LU, 5, IR
RIS E &% & BCG-261H Itk LA I HLA-
ABC « HLA-R « CD86 KU CD83 Hilsi oD F B B
TRz, Fio, BCG-D7OM & EH X & f= fhIR I
EHIFEFUREIRE LTHWS &, & b RE/E CD4
R 1% T MiHE B O CD8 Rt T flfied &2 s ke L R I
EMHEEUTIPN-y OEEZFLE LTz, BCG-70M -
BCG-AUT-11-33, xZ7a77—Y%2 LTl b
D AEV— CD4 Gtk THIla &G L LiSah o7z
M, BCG-D70M & X &V — CD4 B3Pk T flfa =&
fEUTIEN-y OFEAZFE LTz, TOEMIEEH
BRI TH > Teo BCG-DTOM I K B T MRS
(LB 2 B9 % Tz 6. BCG-D70M BHL IR A1
ORI AT 5 & MMP-IL 3RO T F R
MEHEL T, LED> T, BCG-DTOM A7 7
V' — L. C HSP7O-MMP-Il g & EH Z W L, 7
WENI-REEANSFENIC Ty FEh
TW3 EEZ BN, E5IC, BikMlaEFHT 7
IV —LOBELIEFITH D runF = 2 TU
HLUTHEL L, BHRHIlERmD O MMP-II H3k 57 F
DOREHPHET B b, 77TV —LOKRHK
e IR AR R~ D MMP-II ORRICEE LT
WBT DLz, FTT. 77 dYV—LOK
b & THIRRDIEM L & OBEZ MET T % 128,
MRk a7 r =Yk FHraoatr oy
THLFE L 721% BCG-D70M % BRYr X 8 T % )i
9% &, REMECDARGME T MR - RZEME CD8 B
M T f#If R O X €U — CD4 5 T #ifah S 0 IFN-
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cross-presentation pathway & & - T K& {E CD8
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THEFRET B & in vitro T MMP-11 & % & HSP70
EWvo ) a— VHEICKIS LT IFN-y 2L
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AT & W REATOBEANRETH BN, S EFFE
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B e hzEN Ny B R v X — RO
AR SHHLE L BTz,
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Enhanced activation of T lymphocytes by urease-deficient recombinant
bacillus Calmette-Guérin producing heat shock protein 70-major
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To activate naive T cells convincingly using Mycobacterium bovis BCG (BCG), rBCG (BCG-D70M)
that was deficient in urease, expressed with gene encoding the fusion of BCG-derived heat shock protein
(HSP) 70 and Mycobacterium leprae-derived major membrane protein (MMP)-I1, one of the immunodomi-
nant Ags of M. Jeprae, was newly constructed. BCG-D70M was more potent in activation of both CD4" and
CD8" subsets of naive T cells than rBCGs including urease-deficient BCG and BCG-70M secreting HSP70-
MMP-II fusion protein. BCG-D70M efficiently activated dendritic cells (DC) to induce cytokine produc-
tion and phenotypic changes, and activated CD4" T cells even when macrophages were used as APCs. The
activation of both subsets of T cells was MHC and CD86 dependent. Pre-treatment of DC with chloroquine
inhibited both surface expression of MMP-II on DC and the activation of T cells by BCG-D70M-infected
APCs. The naive CD8" T cell activation was inhibited by treatment of DC with brefeldin A and lactacystin
so that the T cells was activated by TAP- and proteosome-dependent cytosolic cross-priming pathway. From
naive CD8" T cells, effector T cells producing perforin and memory T cells having migration markers, were
produced by BCG-D70M stimulation. BCG-D70M primary infection in C57BL/6 mice produced T cells
responsive to /7 vitro secondary stimulation with MMP-II and HSP70, and more efficiently inhibited the
multiplication of subsequently challenged M. /eprae than vector control BCG. These results indicate that
the triple combination of HSP70, MMP-II and urease depletion may provide useful tool for inducing better

activation of naive T cells.
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Introduction

Leprosy is one of the oldest human infectious diseases and
remains a public health problem. At the beginning of 2011, the
number of registered leprosy cases was 192,246, and that of new
cases reported during 2010 was 228,474, mainly from Asian, Latin
American, and African countries [1]. Multibacillary leprosy is
usually treated by administering dapsone (DDS), clofazimine
(CLF), and rifampicin (RIF) in combination, where single skin
lesion paucibacillary leprosy is recommmened to be treated by
administering RIF, ofloxacin (OFX), and minocycline (MIN) [2].
Since the late 1990s, multi-drug resistant (MDR) isolates of Af.
leprae, resistant to RIF and DDS, have emerged and the
importance of OFX has been a focus for the treatment of
MDR-leprosy [3]; however, their use not only for leprosy but also
for other infectious diseases including tuberculosis has already led

PLOS Neglected Tropical Diseases | www.plosntds.org

to OFX resistance in M. leprae [4-8]. Hence, early prediction of
FQ resistance seems to be essential for the proper treatment of
leprosy.

OFX is a fluoroquinole (FQ) and FQs inhibit type II DNA
topoisomerases, including DNA gyrase and topoisomerase IV [9].
FQ resistance is given mainly by amino acid substitutions in the
quinolone resistance-determining regions (QRDRs) located on the
N- and C-terminal domains of A (GyrA) and B (GyrB) subunits of
DNA gyrase and, less prominently, amino acid substitution in the
QRDR on the N- and C-terminal domains of A (ParC) and B
(ParE) subunits of topoisomerase IV has been reported [10]. M.
leprae has only DNA gyrase [11], which is therefore the sole target
of FQs. Genetic analysis of M. lprae clinical isolates revealed
reduced FQ sensitivity associated with amino acid substitutions
only at position 89 or 91 and 205 in GyrA and GyrB, respectively
[4-8,12]. In the latter study, the contribution of amino acid
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'Author Summary

Leprosy is- one of the oldest. human mfect:ous diseases,
“which remains a publlc health problem with more than
©1200,000 new cases “every year worldwide. Since the late
--1990s, multl drug resistant. leprosy, resastant to rlfamptcin
!:and dapsone, has emerged and the lmportance of

M. leprae Ofloxacin Resistance Mutations in gyrB

substitution in GyrA at position 89 or 91 to reduced FQ sensitivity
was confirmed by an in vitro analysis [13]. In addition, the effect of
amino acid substitution at position 95 in GyrA was predicted [14].
In contrast, amino acid substitution in GyrB at position 205,
reported by You et al. [8], was revealed not to affect FQ sensitivity
by an in wtro study [13]. Reduced FQ sensitivity associated with
amino acid substitutions has been frequently reported in GyrA in

M. tuberculosis; however, those in GyrB have been reported less
frequently (Figure 1) [10,15]. According to the reports, important
residues of GyrB in M. tuberculosis were thought to be at codon 461,
499 and 501 (with a counting system proposed by Maruri et al.
[10]). Notably, amino acid substitutions at position 499 and 501 in
M. tuberculosis showed a correlation with reduced FQ susceptibility
by an in vitro assay [15 18]. Lack of the detection of FQ-resistant
M. leprae carrying GyrB amino acid substitutions is due to the low
number of FQ resistant cases analyzed. Hence, it is highly
important to elucidate the contribution of amino acid substitutions

485 459 464 466

464

B --—-GAT
Asp

485 497 502 504

CGT --- GAC---AAC - GAA ---
Arg Asp Asn Glu
521
CGC

461

C ---GAC
Asp

494 499 501

GAC--—- AAC - GAA
Asp Asn Glu

D AAC
Asn

CAC
His
GCC
Ala

Figure 1. Nucleotide and amino acid sequences of QRDR of M. /eprae and M. tuberculosis gyrB and mutations found in FQ-resistant
isolates. (A) amino acid number of GyrB in E. coli, (B) Amino acid number, nucleotide sequences and amino acid sequence of WT M. leprae GyrB
QRDR, (C) Amino acid number, nucleotide sequences and of WT M. tuberculosis GyrB QRDR, (D) Altered amino acids and corresponding nucleotide
substitutions found in higher rate in FQ-resistant M. tuberculosis isolates.

doi:10.1371/journal.pntd.0001838.g001
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